can aid to the return of the mandibular condyles to the glenoid fossae. 4, 5 Clinically, symptomatic hypermobility of the jaw joint is used as a mild subdivision of subluxations. These patients often report clicking joint sounds and jerky movements of the lower jaw during wide opening and closing of the mouth. [6] [7] [8] Patients suffering from a luxation are not capable of reducing the luxation themselves. This is only possible by someone else, for example a relative or a clinician.
When a clinician performs the procedure, this may be combined with a complete sedation of the patient. 7 In the clinic, luxations are also referred to as open locks. 9 For differential diagnosis in the DC/TMD, a history suffices to discriminate between subluxations and luxations, based on the ability of the patient to self-reduce the anteriorly displaced mandibular condyles.
In the clinical setting, clicks due to hypermobility can be distinguished from those due to anterior disc displacement by their timing during opening and closing. Clicks at the end of wide opening and at the beginning of closing suggest hypermobility, while clicks at any point during opening and at the end of closing suggest an anterior disc displacement. 8, 10 In addition, apart from audible clicks, palpable jerky movements of the condyle during protrusive open/close movements indicate (mild) subluxations. 11 A luxation is only diagnosed when reproduced during the actual test. As this additional test can adequately differentiate between hypermobility disorders and disc displacements, 8, 12 it is often considered as gold standard.
We also approached the problem of hypermobility disorders biomechanically, by means of a model study. 13 We identified two possible morphological aspects of the masticatory system that could contribute to luxations. Firstly, regarding the angle of the anterior aspect of the articular eminence, the models predicted that steeper anterior slope angles were more likely to cause a luxation. Secondly, the models also showed that a more forwardly inclined working line of the jaw closers could contribute to luxations. The addition of masticatory muscle forces and joint reaction forces resulted in a net anterior translation of the mandibular condyle, resulting in a luxation. These two factors showed an interaction such that less steep slope angles could compensate for jaw closers with more anteriorly directed force vectors and that steeper anterior slope angles could be compensated for jaw closers with more posteriorly directed force vectors.
Subsequently, we showed that different activation schemes for the jaw closers were able to reduce a luxation compared with direct closing activation. 5 Activation schemes of the jaw closers consisting of relaxation or inducing a lateral movement of the lower jaw could resolve a luxation, thus mimicking the clinical situation of subluxation.
From a translational viewpoint, it is not known whether the predictions from our biomechanical model correspond with the clinical diagnosis according to the DC/TMD. To this end, the generic biomechanical model should be altered to meet the anterior slope angle and the working lines of the jaw closers at an individual level. Cone-beam computed tomography (CBCT) can provide these three-dimensional data with suitable resolution for diagnostics and treatment planning. 14, 15 The use of CBCT in the field of oral and maxillofacial imaging is currently widely accepted due to advantages over computed tomography like lower cost and dose. 16 It has also been shown that CBCT has high-diagnostic accuracy in the assessment of osseous TMJ structures. 17 In our aim to predict hypermobility disorders at an individual level, we use these CBCT scans that provide the morphological input to adjust the generic biomechanical model into a patient-specific biomechanical model. These predictions will be compared with the clinical diagnosis. We hypothesised that the presence of hypermobility disorders, as confirmed with clinical diagnosis, is associated with the prediction of vulnerability to open locks as performed with patient-specific musculoskeletal models of the masticatory system.
| MATERIAL AND ME THODS

| Patients and controls
Patients were recruited through advertisement via screens in the General Dentistry Department of the Academic Centre for Dentistry Amsterdam We included patients between 18 and 65 years old with a report of hypermobility disorders of the jaw joint (subluxations (including symptomatic hypermobility) or luxations). Patients were excluded for serious general health impairments, complicated dental abnormalities, osteoarthritis of the jaw joint or pregnancy. This exclusion was based on a short telephonic history, prior to enrolment in the study. We approached controls, matched for age and gender. Power analysis, based upon a pilot study, 18 showed that a sample size of ten to fifteen participants per group would be sufficient. 19 In total, fifteen patients and eleven matched controls were enrolled in the study (eight males [four patients], eighteen females [eleven patients], mean ± SD age = 33.5 ± 11.0 years).
| Ethics
The research protocol was designed according to the Helsinki 
| Data acquisition: clinical assessment
Upon entry in the clinic of oro-facial pain and dysfunction of ACTA, a short history was taken, followed by a clinical examination by one of two trained and calibrated clinicians (MK, FL) who were blinded to the category of recruitment (patient, control). Clinical examination was performed according to the clinical tests 8, 10 and the expanded DC/TMD diagnostic rules. 3 The main diagnostic aim was to differentiate between hypermobility disorders, anterior disc displacement and controls.
| Data acquisition: radiology
CBCT scans were performed using a NewTom 5G (QR Verona, 
| Data analysis: joint shape and muscle orientation
In the sagittal view of the DICOM images, bilateral glenoid fossa and eminence shape were determined in the slice midway between the condylar poles (3Diagnosys 3.1, 3Diemme, Cantu, Italy). Based on manual, graphical input of the bony outline of the glenoid fossa and eminence, a spline definition was made to fit these structures (Curve Fitting Toolbox, MatLab, R2014b, The MathWorks Inc., Natick, MA, USA) ( Figure 1 ). The medio-lateral radius of the condyle was determined from half the distance between medial and lateral pole of the condyle. In an oblique slice, perpendicular to the medio-lateral radius, the inferior/superior radius and anterior/posterior radius of the condyle were also determined ( Figure 2 ).
The working lines of the left and right jaw closers (masseter, temporalis and medial pterygoid muscle) 20 were derived from the DICOM images, based on assessment of their attachment sites (Masseter_or-igin Figure S1 and Masseter_insertion Figure S2 ). Origin and insertion of the jaw closers were determined according to Baron and Debussy. 21 The working lines of the deep masseter, superficial masseter, anterior temporalis, posterior temporalis and medial pterygoid were subsequently defined with respect to the participant's bite plane.
| Data analysis: adapting biomechanical model to the participant
Our biomechanical model 13, 22 was adapted to fit the musculoskeletal parameters of each participant ( Figure 3 ). The working lines of the jaw closers of the model (which were originally based on a cadaver study 23 were adjusted to meet the muscle orientation from the CBCT scan. To adequately describe the participant-specific joint morphology of the jaw joint, the spline shapes of the fossa/eminence
were loaded into the model. Also, the radii of both mandibular condyles in the model were adapted to the participant's dimensions. 
| Data analysis: simulations
| Statistics
| RE SULTS
| Comparison of subject recruitment with clinical diagnosis
From the participants, who were recruited as patients, eleven of fifteen were diagnosed with hypermobility disorders according to DC/ TMD standards (Table 1) . Also, one of eleven controls was diagnosed with a hypermobility disorder. Therefore, the agreement was good as shown by a sensitivity of 0.73, a specificity of 0.91 and a kappa of 0.7. Overall, five participants were diagnosed differently from their recruitment. As the differential diagnosis according to the clinical DC/TMD standard was decisive, we continued with twelve patients and fourteen controls.
| Model predictions
For eighteen of 26 participants, the predictions of our participant- 
| Comparison of clinical diagnosis and model predictions
In nine of the twelve patients, diagnosed according to the DC/TMD standard, both methods agreed. This yielded a good sensitivity of 0.75. From the fourteen controls, five also led to normal simulated closing, herewith the specificity was low (0.36). Of the eighteen 
| D ISCUSS I ON
The observed amount of agreement between clinical diagnosis of hypermobility disorders and participant-specific biomechanical prediction of hypermobility disorders was considered accidental.
Therefore, our hypothesis, that there should be an association between these two methods, could not be confirmed. The hypothesis was tested using biomechanical models of the human masticatory system. It must be noted that predictions of such models are limited to the parameters or processes under consideration. 25 The models had been made patient-specific by adaptation of the geometry of the articular tubercle and muscle lines of action. Therefore, the predictions were limited to these variables.
| Diagnostics of hypermobility disorders: recruitment compared with DC/TMD standards
We found a small difference between the patient's enrolment based on history and the clinical standard. Four of fifteen participants, recruited as patients, were not diagnosed as such. It appeared to be relatively hard for patients to fundamentally understand questions about the position of the luxated jaw, or about closing problems.
Misunderstandings can also occur between luxations and opening problems from a closed mouth position. We have minimised this problem by taking history by telephone, prior to enrolment.
However, reported closing problems of the lower jaw could also be attributed to anterior disc displacements (ADD). Two participants, who enrolled as patients, were clinically diagnosed with ADD and had to be excluded from the patient category. The additional clinical testing that we performed therefore appeared to be necessary for accurately diagnosing a hypermobility disorder.
| Participant-specific modelling of hypermobility: morphology of the musculoskeletal system
The predictions of the model overestimated the number of participants to be susceptible to hypermobility disorders. This is indicated by the high number of false positives (eight participants), yielding a low sensitivity. We took great care to accurately describe the morphology of the patients and controls for the bony and muscular aspects of the masticatory system. Due to lack of discriminative power between patients and controls, it appears that morphology only could not differentiate between patients and controls. We tested this post hoc with an independent Student's t test (IBM, SPSS Statistics, Version 23) and found that only the anterior slope angle differed between patients and controls (right anterior slope angle: t = 2,38, P = 0.026; left anterior slope angle: t = 1.5, P = 0.14, which can be considered a strong trend due to the small number of participants). We found no difference in the direction of the working lines of the jaw closers. The variation was high for the anterior slope angles (SD 14°) as well as for the working lines of the jaw closers (masseter (SD 10°), temporalis (SD 14°), medial pterygoid (SD 15°)).
However, the difference in variation between the groups was not significant for anterior slope angles, or for the working lines of the muscles (Levene's test P > 0.05). The large variations suggest that there might be subsets of patients with hypermobility disorders with steeper anterior slope angles who run a greater risk of experiencing luxations.
| Temporalis muscle: passive and active forces
The role of the temporalis muscle in hypermobility disorders de- 
| Model limitations and assumptions: activation pattern
To mimic an open lock, we chose an activation level for the digastric muscle of 100% to reach a maximum mouth opening and a large anterior translation of the mandibular condyle. This goal was clearly met, since open locks were predicted successfully, even ignoring possible contributions of the neck musculature to wide jaw opening. 28 For future studies, it would be a benefit to incorporate electromyography of temporalis, masseter and digastric muscles.
The current ethical approval did not allow for this. Therefore, we used an older study 29 
| Model limitations and assumptions: posterior capsule
After assembling the participant's data sets, all preliminary test simulations ended in a condyle anterior of the articular eminence.
The mandibular condyle slipped off the anterior slope at its most anterior aspect. In the previous version of our model, we already 
| Model limitations: articular disc/ compression forces
The current version of our model contains a precise description of the bony contour of the fossa/eminence complex. The joint reaction forces are estimated by a penalty-type contact criterion, based on the amount of penetration of the mandibular condyle into this complex. This represents the deformation of the disc and superior articular cartilage layer during loading. The assumption of a homogenous layer of cartilage has the least influence of model predictions at maximum mouth opening. The thinnest part of the disc, the intermediate zone, is then compressed at the anterior position of the condyle. However, the disc can also have a displaced position. In the clinic, it is very important to assess whether the disc is anteriorly displaced and, if this is the case, whether the posterior band of the disc reduces at maximum mouth opening.
As stated, the current version of the model does not contain a description of the shape of the disc, and therefore, the influence of disc displacements could not be investigated. In future studies, the addition of a finite element model of the disc would result in a hybrid rigid body-finite element model. 32 This could provide further insight in the role of the disc in anterior disc displacements and hypermobility disorders.
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